Introduction
The frequent occurrence of high-altitude cirrus clouds at tropical latitudes is well known from satellite observations [Prabhakara et al., 1988; Wang ei? al., 1994] . Because of their ubiquitous nature and global distribution these cloud layers can significantly affect the radiation budget of the atmosphere [e.g., Stephens et al., 1990] . Furthermore, as tropospheric air enters the stratosphere predominantly in the tropics by upward transport the formation of tropical cirrus layers can influence the stratospheric water vapour content [Danieken, 1993; Potter and llolton, 1995; Jensen et al., 1996 b] .
Recently, Jensen et al. [1996a] have performed model calculations which indicate that cirrus layers can form by slow large-scale vertical motions leading to the formation of large particles with effective radii exceeding 10-20 pm. These particles precipitate rapidly and may reduce water vapour mixing ratios by as much as 1 ppmv near the tropical tropopause.
In this paper we present results from lidar observation of tropical visible and subvisible cirrus clouds above the Atlantic ocean during the ALBATROSS campaign (Atmospheric chemistry and lidar studies above the Atlantic ocean related to ozone and other trace gases in the tropo-and stratosphere). The measurements were performed with a mobile aerosol Raman lidar aboard the German research vessel '
( POLARSTERN" during a cruise from 13remerhaven, Germany (53.6"N, 8.6"E) to Punta Quills, Argentina (50.2°S, 68.3"W) in October-November 1996. Based on 107 hours of observations at tropical and subtropical latitudes we estimate the frequency of occurrence of optically thin cirrus layers and derive particle size distributions.
Instrumentation and data reduction
The aerosol Raman lidar instrument transmits simultaneously at wavelengths of .
4
are 300 mJ at both wavelengths. Elastic and inelastic components of the backscattered light due to molecular and aerosol scattering and due to vibrational Raman scattering on mO]e(XdZLr nitrogen, respectively, at altitudes between 5 and 50 km are detected.
Additionally, the instrument includes detection channels for cross-polarized return signals at 355 and 532 nm. Typically, counts from about 12,000 laser pulses are summed to produce a backscatter profile with 7.5 or 120 m altitude resolution. The instrument operated during night-time only. Further technical details are given in Schtijer et al.
[1995].
'l'he raw data are corrected for photodetector saturation, deadtime effects and background noise. In the following ~"~(z, A) (CYA~(Z, A)) denotes the backscatter (extinction) coefficient for aerosol and molecular scattering as a function of altitude z and wavelength A, respectively. Backseat ter rat io R = PA //3M + 1 is derived from the corrected elastic and inelastic return signals, P(z, A) and P(z, AR), by
IIere, JR = (J-l -2329.66 cm-l ) -1 denotes the Nz Raman shifted wavelength and .zS is the altitude of the lidar instrument. The value of k is obtained by normalizing R to unity at an aerosol free altitude range between 16 and 18 km. As cirrus ice particles in general are large compared to the lidar wavelength we ignore the wavelength dependence of OA. Volume depolarization 6 is given by
The subscripts ][ and 1 denote the aligned-and cross-polarized component, respectively.
6 is normal'lzed to 6M s 0.014 at an aerosol free altitude range between 16 and 18 km where N(z) denotes the molecular number density and is obtained from daily serological balloon soundings aboard "PO LARSTERN". Strictly, ~ is the arithmetic mean of optical thicknesses at A and AR. In the following we will refer to ~ as optical thickness at wavelength A. As will be shown later ~ is typically much smaller than unity. Therefore, we 3.
assume that contributions from multiple scat tering processes can be ignored. 
Results and discussion
During the ALBATROSS campaign lidar measurements were performed on the Atlantic ocean between 35°N and 45°S latitude and 25"W and 30"W longitude.
The following discussion is restricted to the tropical and subtropical observations The presence of optically thin cirrus cloud layer is more readily detected in terms of changes in volume depolarization 6 than in backscatter ratio R as is shown in Figure 2 . In order to obtain information on particle sizes we derive estimates of the particle size distribution from the observed colour ratio C(.
where Al = 355 nm and A2 = 532 nm. The particle size distribution is assumed to follow a power law dn -= AT-B dr ra<r<rb with parameters A, B, r~ = 1 pm, and rb = 500 pm [IIeymsjield and Platt, 1984] .
Within the framework of Mie scattering theory we obtain a calculated backscatter coefficient ~A(~) = n A J,; dr r2-B Qn (x, rn(~) ) and the parameter B can be derived numerically from the relation
C(2, AI, AZ) -f~j dr r2-B Q.(z, m(~l)) Al

"
() f~~ dr r'-B Q.(z, rn(J2)) ~ "
The backscatter efficiency Q. of a particle with size parameter z = 27r r/A and refractive index m is calculated numerically [Bohren and I{uflman, 1983] . For water ice m = 1.325 + i3.76 " 10 -9 and 1.312 + i3.11 . 10 -9 , at 355 and 532 nm, respectively [Warren, 1984] . The wavelength exponent 4.08 takes into account atmospheric dispersion [CMior, 1996] . Finally, parameter A follows from
T L: dr r2-B QJx)T4~)) " Values of g at a wavelength of 694 nm are 0.052, 0.172, and 0.076 for thin plate crystals, thick plate crystals, and long column crystals, respectively [Sassen et al., 1989] . For simplicity we use the mean value, g = (0.052 + 0.172 + 0.076)/3 = 0.1 + 0.06 and assume that the parameterization is valid at 532 nm, as well. The comparison between ~ and S is shown in figure 4 . The standard deviation of (S -S)/S is 23Y0, the maximum value is 3470. Under the assumption that the errors scale with the effective particle radius r. we estimate the systematic error of r, to be 1290 and the systematic error of volume density V=; A/rb ,. dr r 3-B to be 35$%. Figure 5 .
We define an effective particle radius r, by forming the ratio of volume density V and the cross-sectional area density S,
The correlation of r, with the aerosol backscatter coe~cient at 532 nm is given in Figure 5 . For comparison the range of corresponding molecular backscatter coefficients at 532 nm is marked as a grey area. Figure 5 shows that particles exhibiting low values of ~A predominantly have large effective radii of about 100 pm. As will be discussed in the next paragraph these large particles which are difllcult to detect by remote sensing instruments contain a considerable fraction of the available water in the upper troposphere. From V and the ice mass density pi = 0.78 g/cm3 we calculate the lIZO equivalent volume mixing ratio (evmr) z = lVA pi V / M}120 / N where N A and illHzo = 18.01 g/mole denote the Avogadro number and the molar mass of water, respective y. 1.e. evmr is the increase in water volume mixing ratio that would be observed if all H 2 0 molecules in the liquid or solid phase were present in the gas phase. The water evmr of cirrus particles with effective radii r-e is plotted in Figure 6a . In contrast, Figure 6b gives the fraction of water evmr which is contained in particles with radii exceeding 50 pm. Comparison
between Figure 6a and b shows little difference for effective radii larger than about 10-20 pm. This suggests that in particle size distributions with r. < 10-20 pm the major fraction of the available water is contained in particles smaller than 50 pm. As ice particles larger than 50 pm have fall speeds exceeding 1 km per hour [F%wppacher and Kfei!t, 1978] Figure 6b indicates the fraction of 11 2 0 evmr which may be removed from the upper troposphere by rapid sedimentation of cirrus ice particles. We conclude that cloud layers with effective radii smaller than about 10-20 pm do not contribute significantly to the dehydration process. IIowever, subvisible cirrus clouds with low values of /3 A S 10 -7 m-l sr-l predominantly exhibit effective radii of about 100 pm and water evmr between 0.1 and 1 ppmv are contained in rapidly sedimenting ice particles.
Our observations substantiate the interpretations by Jensen et al. [1996a] of their model calculations that subvisible cirrus layers formed by slow large-scale vertical upward motions lead to the formation of large particles with radii larger than 20 pm which precipitate rapidly and contribute significantly to the dehydration process in the upper tropical troposphere. The frequent occurrence of subvisible cirrus during our campaign suggests that this removal process contributes significantly to the stratospheric water budget. Clearly, further lidar observations at tropical latitudes are needed in order to extend and improve the data base required for this type of analysis.
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